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We report a structural study of the Weyl semimetals TaAs, TaP, NbP, and NbAs, utilizing diffrac-
tion techniques (single crystal x-ray diffraction and energy dispersive spectroscopy) and imaging
techniques (transmission electron microscopy/scanning transmission electron microscopy). We ob-
serve defects of various degrees, leading to non-stoichiometric single crystals of all four semimetals.
While TaP displays a large pnictide deficiency with composition TaP0.83(3), and stacking faults ac-
companied by anti-site disorder and site vacancies, TaAs displays transition metal deficiency with
composition Ta0.92(2)As and a high density of stacking faults. NbP also displays pnictide defi-
ciency, yielding composition NbP0.95(2), and lastly, NbAs display very little deviation from a 1:1
composition, NbAs1.00(3), and is therefore recommended to serve as the model compound for these
semimetals.
I. INTRODUCTION
Weyl fermions, massless fermions predicted by Her-
mann Weyl in 1929 [1] as solutions to the Dirac equation,
have not yet been observed as fundamental particles in
high energy physics. In 2011, however, it was predicted
that Weyl fermions can be realized in condensed mat-
ter physics, as electronic quasi-particles in the family of
pyrochlore iridates [2] and the ferromagnetic spinel com-
pound HgCr2Se4 [3].
Following recent theoretical predictions of Weyl
fermions in the simple semimetal TaAs and its isostruc-
tural compounds TaP, NbAs, and NbP [4, 5], Weyl
fermions were discovered experimentally shortly there-
after in TaAs [6, 7]. The discovery of Weyl fermions in
TaAs was quickly confirmed by additional studies [8, 9],
along with the discovery of Weyl fermions in the isostruc-
tural NbAs [10] and TaP [11]. Several studies on these
semimetals have emerged: more detailed investigations
of the Fermi surface topology [12–14], the observation of
large magnetoresistance and high carrier mobility [15–
21], the report of a quantum phase transition in TaP [22],
a Raman study of the lattice dynamics identifying all
optical phonon modes in TaAs [23], a magnetization
study of TaAs [24], and pressure studies of NbAs [25, 26].
Until now, all four semimetals, TaP, TaAs, NbP,
and NbAs, have been studied with an assumed nominal
1:1 stoichiometric ratio between the transition metal
and the pnictide. However, it is well known that the
thermodynamic and transport properties of a material
depend on the actual stoichiometry: e.g., the magnetore-
sistance and Fermi surface topology might be modified
by disorder. In fact, a recent study observed quantum in-
terference patterns arising from quasi-particle scattering
near point defects on the surface of a single crystalline
NbP [27], followed by a theoretical investigation of
surface state quasi-particle interference patterns in TaAs
and NbP [28]. It is therefore pertinent that a structural
study be carried out on these materials to corroborate a
1:1 stoichiometric ratio that is independent of different
sample batches, and to determine what, if any, defects
are common.
A non-stoichiometric composition for one of these com-
pounds was already reported in 1954 [29]: niobium
phosphide was found as NbP0.95, and an assumption
was made that TaP would have a similar composition:
TaP0.95. In addition to the non-stoichiometry, it should
be noted that the space group reported at the time was
the centrosymmetric group I41/amd for both materials.
A decade later, the symmetry of the structure was cor-
rected [30, 31], and it was shown that these isostructural
semimetals in fact crystallize in the non-centrosymmetric
space group I41md (# 109).
All four semimetals were extensively studied prior
to the recent surge of interest. In addition to the
already mentioned studies [29–31], the phase relations
were explored in a number of reports [32–37]. Willer-
stro¨m [38], in 1984, reported on stacking disorder in all
four semimetals. The stacking disorder would originate
from a formation of a metastable WC-type (hexagonal
structure P 6¯m2) during the early stages of the synthesis
reaction, that would partially transform into the stable
NbAs-type structure, resulting in a structure of vari-
able fractions of NbAs- and WC-type structures [38].
Depending on the temperature at which the powder
samples were removed from the furnace, the nominal
composition – and the c-axis – changed. Xu et al. [39],
in 1996, performed an extensive study on the crystal
structure, electrical transport, and magnetic properties
of single crystalline NbP. However, it was reported as
stoichiometric with no deficiencies. In 2012 Saparov et
al. [40] reported on extensive structure, thermodynamic
and transport properties on a series of transition metal
arsenides, including TaAs and NbAs. The samples,
however, were not single crystals.
Here, we report a structural study on this family
of semimetals utilizing single crystal x-ray diffraction
(XRD), energy dispersive spectroscopy (EDS), and
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2transmission electron microscopy/scanning transmission
electron microscopy (TEM/STEM). In addition, we
present de Haas-van Alphen (magnetic torque) mea-
surements on one of the members, TaP, to demonstrate
that the specimens studied here are of similar quality to
those discussed elsewhere.
XRD is essentially a measure of electron density and
provides detailed information on the stoichiometry of a
single crystal. However, it is not as sensitive to defects
as other methods, as it assumes that all intensity is lo-
cated in Bragg peaks. Therefore, point defects show up
as reduced electron density, and stacking faults can re-
sult in apparent twinning or in the formation of anti-sites
or anti-domains. Both of these will affect the electron
density. EDS cannot give any information on possible
defects, but it gives an approximate value of the compo-
sition of a single crystal and therefore the overall stoi-
chiometry. However, it often has a large margin of error.
In order to be able to detect defects, TEM and STEM
can give a detailed picture of the atomic arrangement in a
crystal, and, therefore, this technique can clearly identify
any possible point and planar defects.
Utilizing these three methods, we show that these
semimetals are, in fact, non-stoichiometric, and dis-
play noteworthy defect densities. The defects manifest
themselves as site vacancies, anti-site disorder and anti-
domain disorder due to stacking faults of layers of atoms.
In TaP, we observe a pnictide deficiency accompanied by
stacking faults, resulting in anti-site disorder and site va-
cancies. In contrast, for TaAs, we observe a transition
metal deficiency in x-ray diffraction, accompanied by a
high density of stacking faults only, no anti-site disorder
or vacancies. NbP also displays pnictide deficiency, while
in NbAs we observe very little or no deviation from the
stoichiometric 1:1 ratio.
II. RESULTS & DISCUSSION
The (Nb,Ta)(P,As) materials crystallize in the space
group I41md with the structure built up by a three
dimensional network of trigonal prisms of TMPn6 and
PnTM 6 (TM=transition metal Nb or Ta, Pn=pnictide
P or As), as can be seen in Fig. 1. The results of the
structural refinements from the single crystal x-ray
diffraction of each semimetal are summarized in Table I.
What follows are discussions of the results for each
semimetal.
TaP. The first sample studied via XRD was the TaP.
The single crystal refinement of the crystal structure
displayed larger than expected anisotropic displacement
parameters (ADPs) for phosphorus when compared to
tantalum ADPs, indicating that the P-site could be
deficient. Refining the site occupancy factor (SOF) of
the P-site indeed yielded a significant drop in occupancy
to 0.83, and a commensurate reduction of the anisotropic
FIG. 1. Crystal structure of TMPn (TM=Ta, Nb, and
Pn=As, P), which crystallizes in the non-centrosymmetric
space group I41md, depicting (a) the unit cell, (b) the local
coordination of the transition metal, and (c) the local coordi-
nation of the pnictide.
displacement parameters to match those of Ta. This
scenario was repeated for a different crystal and yielded
identical results within errors. Elemental analysis via
EDS on a single crystal yielded a stoichiometry range
of TaP0.82−0.84, in excellent agreement with the XRD
results.
This non-stoichiometry hints at a large number of
point defects (site vacancies) on the anionic P-sites, and
could also be a sign of a potential superstructure, Ta6P5,
in TaP, with 6 times the volume of the substructure.
However, TEM/STEM images of a crushed crystal of
TaP (Fig. 2) clearly reveal a somewhat different picture:
defects in the form of stacking faults, anti-sites and site
vacancies. In Fig. 2(a), the arrows indicate the stacking
faults, always along the c-axis. Fig. 2(b) is a STEM high
angle annular dark field (HAADF) Z-contrast image
which shows the atomic arrangement. Qualitatively, the
intensity of atomic columns in STEM HAADF images
is proportional to the atomic number Zn, where n is
close to 2, i.e., they are Z-number-sensitive images
(Z-contrast). The bright spheres are the Ta-atoms
which has Z = 73. The atomic number of P is not high
enough (Z = 15) to show any appreciable intensity.
The image clearly displays the alternating Ta- and
P-layers, as expected from the structure, disrupted
(the lines pointed to by arrows) by ”shifts” of one half
lattice width, creating regions with a different stacking
arrangement. The TaAs STEM images, due to the
larger atomic number of As, include a highlight of the
3TABLE I. Single crystal x-ray diffraction refinement parameters of the four semimetals, collected at ambient temperature. The
semimetals crystallize in I41md (#109, Z = 4). The bottom of the table lists the atomic parameters along with the anisotropic
displacement parameters (in ×104 A˚2). The atomic x- and y-coordinates are the same for all atoms. The transition metal
(TM ) z-coordinate is at 4a (0, 0, z) and is fixed at z = 0, whereas the pnictide (Pn) z-coordinate is refined.
TaP TaAs NbP NbAs
Composition TaP0.83(3) Ta0.92(2)As NbP0.95(2) NbAs1.00(3)
Formula weight (g/mol) 206.76 241.21 122.47 167.80
a (A˚) 3.31641(5) 3.43646(7) 3.33397(3) 3.45018(6)
c (A˚) 11.3353(2) 11.6417(3) 11.3735(2) 11.6710(2)
c/a 3.4179(1) 3.3877(1) 3.4114(1) 3.3827(1)
Volume (A˚3) 124.672(2) 137.480(4) 126.420(2) 138.928(3)
ρcalc (g/cm
3) 11.015 11.653 6.434 8.022
Data collection range 6.41° ≤ θ ≤ 66.36° 6.19° ≤ θ ≤ 66.22° 6.38° ≤ θ ≤ 66.48° 6.17° ≤ θ ≤ 65.88°
Reflections collected 3409 2562 7919 3200
Independent reflections 657 714 665 542
Parameters refined 11 11 11 11
R1, wR2 0.0543, 0.0971 0.0527, 0.0984 0.0477, 0.0798 0.0476, 0.0833
Goodness-of-fit on F 2 0.9999 1.0000 0.9998 1.0000
Atom Site x y z Ueq z Ueq z Ueq z Ueq
TM=Ta, Nb 4a 0 0 0 30(4) 0 15(3) 0 19(2) 0 26(6)
Pn=As, P 4a 0 0 0.4173(3) 16(2) 0.4173(2) 25(6) 0.4176(2) 24(6) 0.4193(1) 29(7)
arrangement (vide infra). Fig. 2(c) is a STEM HAADF
image of a different region, and it clearly displays
anti-sites, i.e., areas where the P-sites are occupied
by Ta and the Ta-sites are occupied by P. The Ta
vacancy is also highlighted. Fig. 2(d) shows an electron
diffraction pattern of the single crystal in the (h0l) plane
with streaks along the c∗ direction for h 6= 2n. The
streaks appear due to the stacking faults, and they are
located in the (h0l) plane with h = 2n+ 1 positions (or,
equivalently, in the (0kl) with k = 2n + 1) due to the
following reason: looking at the ac-plane of the crystal
structure, one can identify ”pairs” of Ta-atoms (or,
equivalently, P-atoms) projected on the ac-plane and
stacked along the c-axis. Disregarding the b-coordinate,
one (x, z) pair consists of the Ta in (0, 0) and the Ta in
(0, 0.25). The next pair is stacked along the c-axis and
is shifted by half a lattice along the a-axis: one atom in
(0.5, 0.5) and one in (0.5, 0.75). The following stacked
pair is again shifted along the a-axis, and so on. When
a stacking fault occurs, instead of a shift along the
a-axis, the next pair is stacked directly above, or shifted
along the b-axis (however, this is not visible in this (h0l)
plane diffraction pattern). To return to the original
crystallization, an additional shift would be needed in
order to bring the pairs into their ”original” pattern.
Therefore, since the stacking faults involve shifts by 12a
(or equivalently, 12b), only (h0l) with h odd show streaks.
The clear evidence of defects in TaP may raise the
question of crystal quality. However, magnetic torque
measurements on a single crystal of TaP clearly display
an oscillatory de Haas-van Alphen signal (Fig. 3).
Oscillations are observed as low as 1 T, thus indicating
a minimum drift mobility of 104 cm2/Vs at 1.4 K,
comparable to other reports of ultrahigh carrier mobility
in TaP [20]. A Dingle plot (not shown here) suggests
that the drift mobility exceeds 105 cm2/Vs, despite
the large amount of defects. The observed quantum
oscillations are a sign that, electronically, these crystals
are of comparable quality to those reported elsewhere.
TaAs. For TaAs, initially the same assumption was
made as discovered in TaP, viz. a pnictide deficiency.
However, the single crystal refinement clearly showed
that the As site is not deficient. In fact, refining the
As site occupancy factor (SOF), it increased above
1. Fixing the arsenic SOF at 1.0 while refining the
tantalum SOF, the occupancy of the Ta site dropped
to 0.92 (as expected), yielding a compound with the
chemical formula Ta0.92As. In contrast, EDS analysis on
different single crystals yielded a wide range of elemental
composition: from an As-deficient crystal (TaAs0.91)
to one with large Ta deficiency (Ta0.7As). This wide
range observed with EDS and the discrepancy between
the XRD and EDS results can be understood by the
existence of a high density of stacking faults, producing
anti-domains. Different regions of crystals observed with
EDS would show different stoichiometries depending on
the density of stacking faults and defects.
TEM/STEM images of a crushed crystal of TaAs
(Fig. 4) clearly show the high density of stacking faults.
As in the case of TaP, the stacking faults are stacked
along the c-axis (Fig. 4(a)). Fig. 4(b) show the STEM
HAADF image where the Ta atoms are the bigger and
brighter spheres. In this case, the atomic number of As
(Z = 33) is high enough to show an intensity and the
4FIG. 2. TEM/STEM images of TaP (the tilt in the images is due to drift). (a) TEM bright field image view of a TaP crystal
with arrows highlighting the stacking faults. As can be seen, the faults are stacked along the c-axis. (b) Atomic resolution
STEM HAADF Z-contrast image viewed along [010], highlighting two stacking faults. (c) A STEM image highlighting anti-sites
and a site vacancy. (d) Diffraction pattern of the [010] direction showing streaks arising due to the stacking faults.
As-atoms are the smaller and less bright ones. An area
along the c-axis has been highlighted to show where
the correct I41md structure is broken up by regions
of stacking faults (between the lines as indicated by
arrows). Fig. 4(c) shows the electron diffraction pattern
of a TaAs single crystal, similarly to the TaP crystal,
in the (h0l) plane with streaks along the c∗ direction
for h 6= 2n. Fig. 4(d) is an illustration of the atomic
arrangement which shows two unit cells of the correct
I41md structure separated by several layers of faulted
stacking.
NbP. The non-stoichiometric composition in this
case, NbP0.95(2), was reported first in 1954 [29], and our
single crystal XRD refinement results corroborate that
result. A second crystal yielded a different composition,
NbP0.928(13), and this variation in composition was also
confirmed by EDS measurements giving a compositional
range from 0.93 to 0.95 P on one particular single crystal.
This pnictide deficiency does not rule out stacking faults.
NbAs. Unlike the other three semimetals in this
family, NbAs did not display any major deviations
from the 1:1 composition. Both XRD and EDS agree
5FIG. 3. The de Haas-van Alphen signal (via magnetic torque
measurements) of TaP. The signal has been normalized by the
field and the background has been subtracted to reveal only
the oscillatory signal.
within estimated errors, showing nearly 1:1 Nb:As
stoichiometry: XRD yielding NbAs1.00(3) while EDS
showed a small range of 0.98 − 0.99 As composition.
Also here, the existence of stacking faults is not ruled
out.
III. CONCLUSION
We have shown that the four semimetals TaAs, TaP,
NbP, and NbAs clearly grow with an imperfect stoichiom-
etry, and that at least two of these samples show large
defects in the form of stacking faults, anti-site disorder-
ing, and/or site vacancies.
The differences between the four samples is striking:
while TaP displays the full range of defects and grows
with a large anionic pnictide deficiency, TaP0.83(3), TaAs
shows only stacking faults, although at a higher density
than TaP, accompanied by cationic transition metal de-
ficiency, Ta0.92(2)As. NbP is also pnictide-deficient, at a
range comparable to what has already been reported [29],
NbP0.95(2) which is closer to the ”ideal” 1:1 composition.
Lastly, NbAs has the nearly ideal 1:1 stoichiometric com-
position, although it observes small variations in the As
occupancy, NbAs1.00(3).
Various experimental techniques are needed to charac-
terize the defects. As an example, for TaAs, while XRD
shows us Ta deficiencies in several crystals, EDS contrasts
this by displaying a stoichiometry ranging from Ta de-
ficient crystals to As deficient ones. TEM demonstrates
the existence of a large number of stacking faults, stacked
along the c-axis, and it became clear that the range in
stoichiometry as given by EDS is due to the density of
stacking faults in the scanned region of the single crystal.
Since NbAs deviated very little from a pure 1:1 stoi-
chiometric compound, we suggest that NbAs may serve
as the model compound for these Weyl semimetals.
Lastly, the magnetic torque measurements on TaP re-
veal oscillatory de Haas-van Alphen signals, and an ul-
trahigh carrier mobility. The existence of quantum os-
cillations has been previously taken as a proof of high
quality crystals. Despite the high number of defects and
large stoichiometry variations, it is clear that our crystals
are electronically of comparable quality to those studied
previously. The fact that quantum oscillations are ob-
served in a single crystal with a high number of stacking
faults and defects clearly illustrates the robustness of the
quantum oscillations in these samples. Therefore, studies
of these materials need to take into account the fact that
structural defects that are clearly present and may shift
the actual stoichiometry do not seem to couple to the
electronic transport properties, reflected in the high mo-
bilities observed. The observed one- and two-dimensional
defects are expected to affect the band structure, and,
hence, should be considered in calculations.
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Appendix A: Methods
Sample Preparation. Single crystals of TaAs and
NbAs were grown by chemical vapor transport, as previ-
ously described [18]. Polycrystalline precursor specimens
were first prepared by sealing elemental Ta (Nb) and As
mixtures under vacuum in quartz ampoules and heating
the mixtures at a rate of 100 °C/hr to 700 °C, followed
by a dwell at this temperature for 3 days. The polycrys-
talline TaAs and NbAs boules were subsequently sealed
under vacuum in quartz ampoules with 3 mg/cm3 of io-
dine to serve as the transporting agent. The ampoules
had diameters 1.4 cm and lengths 10 cm and were placed
in a horizontal tube furnace such that a temperature gra-
dient would be established during firing. The ampoules
were slowly heated at a rate of 18 °C/hr, reaching a tem-
perature gradient of ∆T = 850 °C−950 °C. The ampoules
were maintained under this condition for 3 weeks and
were finally rapidly cooled to room temperature. This
6FIG. 4. TEM/STEM images of TaAs (the tilt in the images is due to drift). (a) TEM bright field image view of a TaAs crystal.
The faults in this case are also stacked along the c-axis. (b) Atomic resolution STEM HAADF Z-contrast image viewed along
[010]. A strip has been highlighted to indicate unit cells of the known I41md structure and two regions of stacking faults.
(c) Diffraction pattern of the [010] direction with streaks arising due to the stacking faults. (d) Illustration of two unit cells
separated by a region of stacking faults.
process produced a large number of single crystal speci-
mens with typical dimensions of 0.5 mm on a side.
TaP and NP single crystals were synthesized through
a chemical vapor transport technique using iodine as
the transport agent. 99.99% pure Nb (99.98% pure Ta)
powders, and 99% pure P lumps were introduced into
quartz tubes together with 99.999% pure iodine serving
as the transporting agent. The quartz tubes were
vacuumed, brought to 500 °C, held at this temperature
for 1 day, then brought up to 650 °C, held for half a
day, and then finally raised to 975 °C and held there for
5 days. Subsequently, they were cooled to 800 °C, held
7there for 1 day, and were finally quenched in air.
Single Crystal X-ray Diffraction. Crystals of
the semimetals were structurally characterized by single
crystal x-ray diffraction using an Oxford-Diffraction
Xcalibur2 CCD system with graphite-monochromated
MoKα radiation. Data was collected to a resolution
of 0.4 A˚, equivalent to 2θ = 125°. Reflections were
recorded, indexed and corrected for absorption using the
Agilent CrysAlisPro software [41]. Subsequent structure
refinements were carried out using CRYSTALS [42],
using atomic positions from the literature [43]. The
data quality for all samples allowed for an unconstrained
full matrix refinement against F 2, with anisotropic
displacement parameters for all atoms. Crystallographic
information files (CIFs) have been deposited with ICSD
(CSD Nos. 430434, 430435, 430436, and 430437) [44].
EDS. EDS was performed through field-emission
scanning electron microscopy (Zeiss 1540 XB), on 6 to
12 spots of each of the several single crystals studied.
The EDS stoichiometries quoted here results from
average values.
TEM. The TEM samples were prepared by crush-
ing single crystals that were previously checked by XRD,
in Ethyl Alcohol 200 Proof in a pestle and mortar. The
suspension was then dropped onto a carbon/formvar
TEM grid (Ted Pella, Inc.) using a 1.5 ml pipette.
TEM/STEM images were collected using the probe
aberration corrected JEOL JEM-ARM200cF with a cold
field emission gun at 80 kV to avoid beam damage. The
STEM high angle annular dark field (STEM-HAADF)
images were taken with the JEOL HAADF detector
using the following experimental conditions: probe size
7c, CL aperture 30 µm, scan speed 32 µs/pixel, and
camera length 8 cm, which corresponds to a probe
convergence semi-angle of 11 mrad and collection angles
of 76 − 174.6 mrad. The STEM resolution of the
microscope is 0.78 A˚.
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